Nitrogen metabolism was studied in three preterm infants (mean gestation 32 wk) by the method of consecutive metabolic balance. The absorption and retention of nitrogen from breast milk was measured, and protein turnover, synthesis, and breakdown were calculated from isotopic plateau of urinary urea and ammonia using an intermittent oral administration of "N-glycine. Weight gain and nitrogen retention were compared with the weight gain and nitrogen accumulated for a foetus of equivalent gestational age in utero.
kg-' day-' retained nitrogen was 256 2 71 mg kg-' day-', or 56% of intake.
The specific weight gain was 15.6 5 2.6 g kg-' day-' and 53% of this comprised lean tissue (range 34 to 89%). In all but one study the postnatal retention of nitrogen fell far short of calculated in utero accumulation.
The results of protein turnover were surprising. In six of the eight studies urinary urea failed to become enriched at all. Protein turnover calculated from the ammonia plateau was 1.94 + 0.54 g nitrogen kg-' day-', synthesis 10.9 + 3.4 g protein kg-' day-' and breakdown 9.3 rt 3.4 g protein kg-' day-'.
It is concluded that the amino acid composition of breast milk may be inappropriate for supporting rates of lean tissue deposition equivalent to in utero accumulation.
Speculation
Endogenous synthesis of glycine in preterm infants may be inadequate to meet the needs of growth, making glycine a semiessential amino acid in this situation. The glycine content of breast milk may be insufficient to meet the requirements of preterm infants.
The results of a number of investigations have shown that preterm infants grow less well and retain less nitrogen when fed human breast milk, than they do when given certain cow's milk formulae with a higher protein content (5, 10, 11, 18-20, 36, 46) . Though the formulae studied differed in a number of respects from breast milk, it has been concluded that the difference in growth is due principally to the absence of sufficient protein in breast milk, and it has been inferred from measurements of weight gain (5, 10, 19, 20) , longitudinal growth (5, 1 l), and plasma protein and urea concentration (18) that preterm infants probably require about 3.5 to 4.5 g protein kg-' day-' for optimum growth (8) .
This high protein requirement is in part explained by the high rate of nitrogen accumulation that is characteristic of foetal growth between 24 and 36 wk gestation (42) . However, if a preterm infant did lay down lean tissue at a rate comparable to that occurring in utero the net protein utilisation on the protein intake given above would only be about 45%. Since the absorption of nitrogen is not inadequate (6, 20) , it seems likely that the utilisation of absorbed protein is inefficient. One reason for this could be a defect in the quality of the protein, especially when the particular requirements of the foetus for individual amino acids are considered (56) . Although it was not the initial purpose of the present investigation the data presented here support the hypothesis that the high protein requirements of preterm infants may be the result of inadequate amounts of glycine in the diet. It is postulated that the circumstances that might make glycine limiting for growth in the preterm infant are the exceptionally high demands of growth, the relatively small amounts present in breast milk (56) , and immaturity of the enzymes involved in glycine synthesis (44, 45) .
The initial purpose of the study was to measure protein turnover in the preterm infants, because the two reports of such measurements in the literature using '5N-glycine as a label seemed irreconcilable. Nicholson (32) using the single dose method of San Pietro and Rittenberg (40) found rates of protein synthesis comparable to adult values obtained by the same method. Pencharz et al. (37) , on the other hand, using the continuous infusion method of Picou and Taylor-Roberts (38) found values for protein synthesis in preterm infants to be about eight times higher than in young adult subjects. The discrepancy may be explained partly on a methodologic basis. The San Pietro and Rittenberg (40) model depends on instantaneous and uniform labeling of the precursor pool for both protein and urea synthesis, an assumption we have shown to be invalid (22) , while Pencharz et al. (37) had difficulty in identifying the isotopic plateau, possibly because the period of urine collection was limited to 30 to 36 hr.
In the present study we have used the method of Picou and Taylor-Roberts (38) and have determined the rise of isotope to plateau in both urinary urea and ammonia over a period of 72 hr. The results go some way to reconciling the conflicting results of Nicholson (32) and Pencharz et al. (37) .
PATIENTS A N D METHODS

PATIENTS
The subjects of the study were three preterm infants who were admitted to the intensive care unit of University College Hospital. Details of the infants are given in Table 1 . Infant C developed (28) .
hydrocephalus (probably due to a small intraventricular haemorrhage) which was treated by intermittent removal of cerebrospinal fluid by the lumbar route. A ventriculo-peritonea1 shunt was inserted, subsequently. The reasons for the study and the procedures involved were explained to the parents and their agreement obtained. The study was approved by the ethical committee of University College Hospital.
METABOLIC BALANCE TECHNIQUES
The metabolic balances (9) were started on the 9th or 10th day of life when weight gain had been resumed. The balances lasted 72 hr and were repeated at 7-to 10-day intervals.
The infants were nursed in incubators. They were fed hourly through polypropylene nasogastric feeding tubes of 0.96 mm OD. When the infants were able to suck milk was given by bottle every 2 hr.
MILK AND ISOTOPE ADMINISTRATION
The infants were fed pooled pasteurised human breast milk, except in study B2 when SMA (John Wyeth & Brothers Ltd., Taplon, Maidenhead, England) was given. Sufficient milk for a 72-hr period was placed in a stainless steel mixer, vitamins A, D, and C (Abidec 1 ml day-'), and ferrous sul hate (2.5 mg. Fe kg-' R day-') were added, together with sufficient N glycine (95.2 atoms percent excess, B.O.C. Ltd., Prochem., London, England) to give about 0.1 mg I5N kg-' day-'. The milk was well mixed and portions were taken for analysis. If the infant was tube fed, the milk was drawn up into disposable polystyrene syringes, and if bottle fed, the milk was measured out into acid washed sterile glass feeding bottles. The full syringes or bottles were weighed and frozen at -20°C until required. The amount of milk given was determined by subtraction after weighing the used syringes or bottles and caps together with any residual milk remaining in them. Spillages, regurgitations, and vomits were collected onto ashless filter papers placed under the infant's head, which were preserved for analysis. A record of accidents was kept by the nursing staff. The cerebrospinal fluid removed during balances CO and C3 was analysed and an appropriate correction applied.
STOOL COLLECTION
Stool was collected between carmine markers on to 11.0-cm ashless filter paper (Whatman) held in place by polyethylene tie pants (Lewis Wolff Griptight Ltd., Selly Oak, Birmingham, England). Only distilled water and filter papers were used for cleaning the infant's bottom. Any leakage of stool was collected on a 24-cm ashless filter paper placed between the infant and the bedding.
URINE COLLECTION
Urine was collected by continuous aspiration (27) into a chilled weighed flask which was changed every 4 hr. A borate buffer trap was incorporated into the circuit to collect any ammonia resulting from bacterial decomposition.
ANALYTICAL METHODS
The filter papers containing regurgitated milk and stool were counted and their numbers recorded. They were digested in concentrated hydrochloric acid and homogenised with a Teflon homogeniser. The nitrogen content of milk, urine, and stool were measured in duplicate by the micro Kjeldahl method. The protein content of breast milk was calculated by multiplying total nitrogen by 6.38. The energy content of a freeze-dried specimen of milk was measured in triplicate by Ballistic bomb calorimetry (Gallenkamp Ltd., Christopher St., London, England). The urea and ammonia content of the urine was measured by the Berthelot reaction (24) .
The pH of each urine sample was measured and a 10-ml sample taken, acidified, and freeze-dried before being transported in a sealed container to the Tropical Metabolism Research Unit, Jamaica. The urine was reconstituted to 10 ml with deionised water. Ammonia nitrogen was isolated by entrainment with air. Urea nitrogen was then liberated as ammonia by the enzymic reaction with urease and isolated for mass spectrometry (23) . The residual nitrogen in the urine was isolated after Kjeldahl digestion and prepared for mass spectrographic analysis. The enrichment of urinary ammonia, urea, and residual nitrogen was measured as nitrogen gas in a dual-collector isotope-ratio mass spectrometer (Micromass 602C, V. G. Micromass, Dinsford, Cheshire, England) after being liberated in vacuo with alkaline hypobromite (48) . The enrichment of the samples of nitrogen gas derived from the three sources was calculated against the abundance of the corresponding nitrogen in a zero sample of urine collected between 0 and 4 hr before the administration of the isotope. Plateau values were determined by visual inspection. Protein turnover was calculated by the method of Picou and Taylor-Roberts (38) from the plateau enrichment of urinary ammonia (53) .
PROTEIN TURNOVER (FIG. 1)
The method of Picou and Taylor-Roberts (38) assumes a single metabolic pool of nitrogen from which protein is synthesised and the end products of nitrogen metabolism, e.g., urea or ammonia, formed. The pool is assumed to remain constant in size during the period of study. The protein turnover (flux or Q) is therefore defined as the sum of all nitrogen entering (I + B, from the diet or protein breakdown) or the sum of all nitrogen leaving (E + Z to excretion or protein synthesis) the metabolic pool. In practice 15 N-glycine is administered at a constant rate and the ratio of I5N to I4N is measured in the urea or ammonia (53) present in timed specimens of urine. When the ratio becomes constant plateau is said to be reached and it is assumed that the enrichment in the metabolic nitrogen pool is the same as any product being formed from that pool.
where d = rate of administration of isotopic nitrogen Cu eNH3 are the enrichment in urea or --andEu ENH3 ammonia at plateaux, S.
INTRAUTERINE WEIGHT GAIN AND THE NITROGEN ACCUMULATION OF FOETUS
In order to evaluate the results of the balances, estimates of intrauterine weight gain and nitrogen accumulation were made. The method given below was used to remove the bias in the data of Widdowson and Dickerson (55) , introduced by the unusually large size of their full term fetuses, and to enable us to estimate weight gain and nitrogen retention for fetuses growing along different percentiles. From the data of Widdowson and Dickerson (55) and of Kelly et al. (25) it can be shown that nitrogen concentration of the foetus rises in a linear manner between 18 and 40 wk gestation and corresponds to the equation.
Nitrogen mg kg-' foetus-' = 0.308 X gestation (wk) + 7.25 ( r = 0.84).
Using the mean nitrogen concentration at different gestations derived from this equation, and the fetal body weights published by Lubchenko et al. (28) we have calculated the nitrogen content of foetuses growing along the loth, 50th, and 90th percentiles and from these data using the methods outlined by Shaw (42) , have calculated the daily rate of accumulation of nitrogen by a fetus in utero between 24 and 36 wk gestation. These estimates together with the specific growth rates derived directly from the data of Lubchenko et al. (28) are given in Table 2 .
RESULTS
COMPOSITION OF MILK
The results of the analyses of the milk are given in Table 3 . The milk in balance A1 had the lowest energy content and the highest protein energy to total energy ratio. The values for SMA fell in the middle of the range for protein and energy.
ENERGY INTAKE AND NITROGEN BALANCE
The energy intakes and the results of the nitrogen balances are given in Table 4 . The energy intakes varied but averaged 572 kJ (136 kcal) kg-' day-', and only in balance Cz was the energy intake less than 500 kJ kg-' day-'.
The results of the nitrogen balances were in agreement, the highest retention being in balance A1 where protein intake was highest. Figure 2 gives nitrogen retention as a function of nitrogen intake after subtraction of 10 mg nitrogen kg-' day-' from retention for unmeasured losses. This modest estimate was selected on purpose so as to avoid exaggerating the differences between in utero and postnatal accumulation rates. The least squares regression line drawn through the points is described by the following equation.
nitrogen retention mg kg-' day-'
= nitrogen intake mg kg-' day-' x 0.7 + 67.4 ( r = 0.98)
The intercept on the y axis gives an estimate of the obligatory nitrogen losses, 67 mg kg-' day-', and the intercept on the x axis gives an estimate of the nitrogen required to maintain zero balance, namely 96 mg kg-' day-'. The intake, after maintenance requirements had beexmet, was utilised with an efficiency of 70%.
WEIGHT GAIN AND NITROGEN RETENTION
Details of weight gain (Fig. 3) and utilisation of retained protein are given in Table 5 . The mean specific weight gain was 15.6 g kg-' day-' and this is the same as the estimated specific weight gain for a foetus growing along the 10th centile given in Table 2 . Table 6 compares the postnatal nitrogen accumulation with that estimated for a foetus df equivalent gestation growing along the 10th percentile. In all but one case (balance Al) the values lay below the estimated intrauterine rate. It follows that the gain in lean body mass (Table 5) is less in absolute amount and per unit of body weight than that occurring in utero, and it suggests that fat is being deposited in preference to lean tissue.
PROTEIN TURNOVER
Details of plateau enrichment of urinary urea, ammonia, and residual nitrogen with 15N are given in Table 7 . In all the studies plateau enrichment was reached in urinary ammonia by 12 to 20 hr. However in six of the eight studies urinary urea failed to become significantly enriched at all. In study A1 enrichment of urea did occur and it was not different from the enrichment of ammonia. In C1 the urea plateau occurred at 30 hr but was only 70% of the ammonia plateau. An example of this is given in Figure  4 .
If the urea plateau had been used to calculate protein turnover, an infinitely high value would have been obtained in the six studies where there was no enrichment because the demoninator d in the equation Q = -would be zero (see "Patients and S Methods"), and in C1 the value would have been 150% that calculated from the ammonia plateau. In A1 urea and ammonia GESTATION i weeks l Fig. 3 . Weight gain of the three infants as a function of gestational age.
The dotted line represents the in utero weight gain of a male infant growing along the 10th percentile (28). man et al. (46) in four infants and the average loss was 27 mg kg-' minimal protein intake required to maintain zero balance is 96 day-'. The estimates of Pencharz et al. (37) were 15.2 mg kg-' mg nitrogen kg-' day-' (0.6 g protein kg-' day-'). This can be day-'. We have taken a value of 10 mg kg-' day-' which we compared with other studies where breast milk has been used; for regard as a minimum value. Using this value our estimates of instance infants up to 6 months old require 127 mg nitrogen kg-' day-' (13), at 1 yr 96 mg nitrogen kg-' day-' is needed (54) and children between 3 and 6 yr require 81 mg nitrogen kg-' day-' (12) . All these values are much less than the figure obtained All infants lost weight after birth. This is in part due to the negative nitrogen balance associated with the undernutrition that follows birth (4) and in part to changes in body water (7) . When Ckg-' day-') using formulae. The value derived for obligatory losses is 67 mg nitrogen kg-' day-', which compares with 88 m 5 nitro en kg-' day-' at 0 to 6 months (13) and 75 mg nitrogen kg--F day at 3 to 6 yr (12). In preterm infants fed formulae the figure 1600 -of 145 mg nitrogen kg-' day-' was obtained by Pencharz et al. (37) . The efficiency of nitrogen retention, after maintenance requirements had been met, 70%, was the same as 0-to 6-month-old -.
I B infants (13) but less than that for children 3 to 6 yr, 93% (12). growth was resumed they gained weight on average at a rate equivalent to that calculated for a foetus growing along a similar percentile. Thus they grew parallel to the percentile but did not catch up (Fig. 3 ).
COMPOSITION OF WEIGHT GAIN
All nitrogen balances are subject to systematic errors that tend to over estimate nitrogen retention (5 1). It is essential to bear this point in mind when making deductions about body composition from the results of balances. When nitrogen retention is compared with nitrogen accumulation by a foetus in utero of the same gestational age, growing along the 10th percentile (Table 6 ) all but one value lie between 54 to 90% of the intrauterine accumulation rate. In balance A1 the in utero accumulation rate was exceeded and in this case the protein intake was 40% higher than in the other balances (Table 4) . If the nitrogen retention were compared with that of a foetus of the same weight, or of the same gestation, growing along the 50th percentile relative accumulation of nitrogen would be even less. Since the measured retentions are almost certainly overestimates (vide supra) the real difference between the measured retentions and in utero accumulation is likely to be larger. Thus it can be concluded that as the weight gain was similar to that occurring in utero, the lean tissue deposition was probably less than lean tissue deposition in utero. Since lean tissue is thought to be preferentially deposited when all essential nutrients are available (39) a limitation of lean tissue deposition might imply the absence or restricted availability of one or more nutrients. The results of the protein turnover measurements suggested to us that we should consider the surprising hypothesis that glycine might be a limiting nutrient.
PROTEIN TURNOVER
In six of the eight studies urinary urea did not become enriched with 15N whereas the urinary ammonia did. This is an entirely new observation which has not been reported previously. This is also the first study where urine samples were analysed for a sufficient period of time to enable the simultaneous measurement of the rise of ammonia and urea to plateaux to be recorded. From unpublished data in six children completely recovered from protein energy malnutrition (16) we have shown that the ammonia and urea plateaux differed by less than lo%, and consequently gave similar results for protein turnover. The model (38) requires that the proportion of label that enters protein and the end product, should be the same as the proportion of total nitrogen following these pathways. In the present study, there was no significant incorporation of labeled 'nitrogen into urea, except in balances A1 and C1, therefore under prevailing conditions this underlying assumption could not be substantiated. To understand why it is necessary to consider glycine metabolism.
GLYCINE METABOLISM
The principle catabolic pathway for glycine is through a complex of enzymes found in the liver and kidney, known as the glycine cleavage system (26) . One molecule of glycine is broken down to yield ammonia and a one carbon fragment. The one carbon fragment either forms methylene tetrahydrofolate, or is received by a second glycine molecule to form serine. Thus serine and glycine are readily interconvertible. This reaction sequence must have been established in the kidney of these infants since urinary ammonia was labeled (49) . The fact that the urea was labeled in two of the early studies implies the reaction sequence was establied in the liver. In later studies glycine was not being catabolised in the liver, but rather was very efficiently retained for metabolic requirements. Glycine is required for the synthesis of proteins, porphyrins, nucleotides, creatine, glutathione, and for conjugating bile acids (31) . It can be calculated from the data of Widdowson et al. (56) that the foetus requires at least 220 mg kg-' day-' of glycine for these purposes. Breast milk provides only 64 mg kg-' day-' and although glycine may be obtained from serine or threonine, neither of these amino acids is abundant in breast milk (56) . Therefore, there is a priori a need for significant endogenous synthesis of glycine in the extrauterine foetus.
GLYCINE SYNTHESIS
Glycine and serine can be interconverted through the glycine cleavage system (26) . Both glycine and serine may be formed by transamination between alanine and glyoxylate and alanine and hydroxypyruvate, respectively, the enzymes being located in the peroxisomes of the liver (34, 35) . In the rat the activity of both the alanine/glyoxylate and the alanine/hydroxypyruvate aminotransferase are very low during foetal life. At the time of birth the activity increases to reach ipeak during the nursing period, falling to lower values at weaning (44, 45) . Little is known about other pathways of glycine synthesis in the foetus. Theoretically glycine may be derived from threonine (30) or from glucose via phosphoserine to serine. The capacity of these pathways in the foetus is unknown, but neither is likely to be quantitatively important (3 1). Therefore, the availability of glycine might fall short of the metabolic requirements and hence glycine would become limiting for the preterm infant. The failure of glycine to label urea does not establish that glycine is growth limiting but it does suggest that in the liver there was little margin between supply and demand so that all dietary glycine was used for synthesis. Of all the studies A1 stands out as worthy of note. It is serendipitous that the milk in this study had the highest protein concentration and the protein intake of 4.2 g kg-' day-' was in the range associated with the highest growth rates by other workers (5, 10, 11, 17-19, 36, 37) . In this study urea was labeled normally and gave turnover rates comparable to those calculated from the ammonia plateau. Since Ge do not know the amino acid composition of this milk we can only speculate that the glycine intake was adequate. In balance C1 the urea plateau (S) was two-thirds that of the ammonia and hence gave a value for protein turnover one and a half times that calculated from the ammonia plateau. In the remaining balances where urea was not labeled; S (see "Patients and Methods") becomes zero and the calculated values for protein turnover infinite. These results show (whatever the interpretation one puts on it) that there exists in preterm infants a situation where 15N-glycine fails to label the urea precursor pool adequately, and depending on the extent to which this occurs, protein turnover will be overestimated to a varying extent. It is relevant to note in this context that in rats maintained on a low protein diet ridiculously high values for protein turnover are found when using the method of Picou and Taylor-Roberts (38) and urea as an end product (50).
The results of Nicholson (32), though he used the single dose method of San Pietro and Rittenberg (40) were similar to ours. Using the enrichment of urea he found a mean value for protein synthesis of 12.7 q protein kg-' day-', and turnover (Q) 2.3 g nitrogen kg-' day-. Using ammonia as an end product the values were 15.4 g protein kg-' day-' and 2.75 g nitrogen kg-' day-'. These values are not significantly different from each other, and do not differ significantly (P > 0.05) from our results calculated from the ammonia plateau. Unfortunately Nicholson does not give the protein intake of his infants but since they were formula fed they may have had a higher protein intake than our infants, and together with their greater maturity this might account for the labeling of the urea precursor pool. Nicholson and Freeman (33) did show in a preterm infant that on a protein intake of 1.5 g kg-' dayp' the enrichment of urea after a single dose of 15N-glycine was lower than on a protein intake of 4.4 g kg-' day-', which is entirely compatible with our findings.
By contrast Pencharz et al. (37) , using the continuous infusion method of Picou and Taylor-Roberts (38) and urea as an end product found values for turnover. (Q) of 4.35 g nitrogen kg-' day-' and for protein synthesis of 26.3 g protein kg-' day-'. These are twice the values reported by ourselves and Nicholson (32) , and between 5 to 10 times the rates observed in older children and adults using the same method (52) . We believe these values to be overestimates for the following reasons. From Figure 4 it is obvious that urea plateau is not reached for 48 hr. Pencharz et al. (37) stopped collecting urine at 34 hr and calculated plateau enrichment from the mean of the last three urine specimens which were collected between 16 and 34 hr after the onset of 15N-glycine administration. They could not have reached plateau at this time, and both the figure they give and the results of their regression analysis confirm this. Indeed if they had used the plateaux calculated from their regfession analysis they would have arrived at a value for turnover (Q) of 2.5 5 nitrogen kg-' day-' and for protein synthesis of 15 g protein kg-day-, values very similar to those reported here and by Nicholson i32). A second p.ossible factor tending to overestimate turnover (Q) is the possibility, as we report here, that the I5N-glycine was inadequately labeling the urea precursor pool. The fact that the urea was invariably labeled in their study might result from the higher protein intake of their infants or from differences in methodology. In order to separate the urea from the urinary ammonia Pencharz et al. (37) used Permutit. We have studied the use of Permutit exchange resin for the removal of ammonia and have found that cross-contamination with unbound ammonia may be of such magnitude that results such as ours could be completely overlooked. It is for this reason that we have preferred the removal of ammonia by aeration under alkaline conditions (23) . Perhaps these considerations go some way to reconciling the differences reported in the literature.
About 60% of the glycine of the organism, is bound in collagen (30) where it comprises approximately 27% of the amino acid residues (1). Any limitation in the availability of glycine would account for the reduced deposition of collagen protein in long bones (29) and restriction of longitudinal growth (5, 11) observed in preterm infants. Synderman et a1 (46) have shown improved growth when supplemental glycine is given as a source of non essential nitrogen to infants. Giordano et al. (15) have suggested that glycine may be essential in uraemic patients, for optimal haemoglobin synthesis.
CONCLUSIONS
(1) The protein requirement for nitrogen balance in preterm infants is not different from that in older infants. However, relatively more dietary nitrogen is required to ensure adequate nitrogen retention for growth. (2) The preterm infants in this study did not gain weight statisfactorily when fed human breast milk, and the composition of the weight gained was relatively deficient in lean tissue. This might be the result of the low protein content of the milk, but the quality of the milk in terms of amino acid composition may not be optimal.
(3) The failure of 15N glycine to label urea indicated that endogenous synthesis of glycine might be insufficient to meet the demands of growth. If this should prove to be the case glycine would be a semiessential amino acid in this situation, and dietary supplementation may be necessary.
(4) The Picou and Taylor-Roberts model for measuring protein turnover, using I5N-glycine and urea as the end product, is not applicable to all metabolic states. However, reliable results were obtained using ammonia as the end product.
(5) It may be possible to develop a sensitive method for measurin the requirement of essential amino acids, by administering
